Rhizobia and their role in biological nitrogen fixation
The most efficient biological nitrogen fixation (BNF) is conducted in symbiotic systems comprising bacterial microsymbionts collectively known as rhizobia and plant hosts belonging to Leguminoseae family. Total global BNF is estimated at 100-300 Tg N per annum, and the amount of N 2 derived from rhizobial-legume symbioses Tg N per annum) is comparable with the total amount of N fixed industrially in fertilizer production (80) (81) (82) (83) (84) (85) (86) (87) (88) (89) (90) Tg N per annum) [1, 2] . Even though crop, pasture and wild legumes assimilate and accumulate BNF-derived nitrogen to differing levels [3] , in most cases, symbiotically reduced N 2 covers more than half of total nitrogen requirements of a plant [2, 4] . It is worth noticing that in pulse or pasture legumes 30-60% of total plant N may be rhizo-deposited [2] , and this underground N can be subsequently used by other crops, emphasizing the agricultural and ecological importance of rhizobial-legume symbioses. Legumes can develop symbiotic interactions with many different species of bacteria. Most microsymbionts belong to α-proteobacterial genera Azorhizobium, Allorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium, Sinorhizobium (Ensifer), Devosia, Methylobacterium, Ochrobactrum and Phyllobacterium, whereas some, including Burkholderia and Cupriavidus, are members of β-proteobacteria [5] [6] [7] [8] . Rhizobia are soil microorganisms which are phylogenetically, genetically and metabolically diverse, however, all of them can elicit the formation of root or, occasionally, stem nodules -i.e. new and specific plant outgrowths where dinitrogento-ammonia reduction occurs. In contrast to other diazotrophs (such as plant-associated Azospirillum), rhizobial-legume symbioses are species-specific -for instance, Rhizobium leguminosarum bv. trifolii can colonize the nodules of clovers (Trifolium spp.), whereas R. etli exclusively colonizes bean (Phaseolus vulgaris) nodules [5, 9] . In some instances a single plant host may be inhabited by diverse rhizobial species -for example, bean (P. vulgaris) can act as a host for R. etli, R. gallicum and R tropici, whereas pea (Pisum sativum) can host R. leguminosarum bv. viciae, R. pisi and R. fabae [5, 10, 11] . Taking into consideration the diversity of legumes and rhizobial species, and the specificity and host range in plant-microsymbiont interactions, a `network of relationships' between legumes and rhizobial species can be drawn [12] .
The establishment and development of symbiosis is a multi-step process, involving numerous signaling and regulatory pathways. Plant flavonoid-dependent recognition of compatible symbiotic partners and the induction of nodule formation initiated by rhizobial Nod factors are followed by the invasion of plant tissues by bacteria [13] . Upon reaching the nodule primordia, rhizobia aggregate and participate in the growth and development of nodules. As a result, either the entire nodules mature (in the case of determinate nodules) or symbiotic zones of nodules are formed (in indeterminate nodules), where the process of BNF is facilitated by bacteria differentiated into bacteroids and living as endosymbionts inside the plant cells. Simultaneously, photosynthates (plant-derived carbohydrate compounds) are exchanged for bacterial-derived nitrogen compounds, and this process continues until the nodules decay [13] [14] [15] . Most of rhizobia inside the nodules are converted into bacteroids, however, some of them remain in vegetative form. These saprophytic (non-symbiotic) forms of rhizobia are released into the soil after multiplication in the nodules, thus restoring/ enriching soil populations of rhizobia [16] .
Rhizobial genomes -a scheme for extraordinary strain diversity
Rhizobial genomes are large (6-9 Mb) and have complex architecture, being composed of a chromosome and a set of large plasmids [17] [18] [19] . In most species, the main genetic symbiotic component, i.e. genes responsible for plant nodulation and nitrogen fixation, is clustered on a symbiotic plasmid (pSym). Alternatively, it can be incorporated into the chromosome [20] . All of the studied rhizobial genomes are redundant and possess mosaic structure, i.e. regions with high degree of synteny are separated by other sequences [18, 21, 22] Such characteristic genome structure might result from numerous genetic transfers and recombinations, whereas the unusual size and enrichment in the regulation, transport and secondary metabolism genes is environmentally advantageous -the rhizobia must be capable of thriving in completely different environments, soil and plant tissues [23, 24] . Rhizobial plasmids are extremely interesting due to their extraordinary size, biological importance as well as interrelations with other parts of the genome. Most of them possess repABC operon, a common replication-partitioning system in α-proteobacteria.
Phylogenetic analysis of repABC sequences enabled the investigation of the history of a plasmid set present in specific rhizobial strains and tracing of subsequent events of plasmid acquisition [25] [26] [27] . Moreover, some of the rhizobial plasmids are unique in that they cannot be eliminated from the genome, due to the presence of genes participating in the primary metabolism, and they are sometimes regarded as `secondary chromosomes` [28] . Some of them are called `chromids` due to their mixed (plasmid/chromosome) characteristic: (a) plasmid replication and partitioning system with (b) chromosometype nucleotide composition and codon usage, as well as the presence of some `core genome` genes [29] .
The `rhizobial core genome' is not easy to define because the former distinction between the `essential genetic material` (i.e. chromosome) and the `supplementary genetic material` (i.e. plasmids) is not straightforward. Although chromosomes of strains are classified into the same species, they may differ substantially with the percentage of unique genes reaching up to 40% of the genome [23, 30] . Therefore, the `pan-genome' concept arose, which assumes that the genome of a particular species can be defined only after the analysis of genomes of numerous strains. In a pan-genome, three classes of genes should be distinguished: `core genes' (replication, translation, energy homeostasis), `extended core genes' (adaptation to a defined environmental niche) and `accessory genes' (all other functions -no size limit on the group). Only the core and extended core gene sets must be present in all the strains [31] .
The application of the pan-genome concept to the available sequenced rhizobial genomes revealed that the rhizobial core genes are mainly located on the chromosome, with some genes dispersed between plasmids. Core genes were found on different plasmid replicons, and not only on chromids. They were maintained in syntenic blocks and revealed high level of nucleotide identity of homologous segments, also in the case of symbiosis-related genes located on pSyms [30] . Thus, the architecture of rhizobial genomes and the classification of replicons as plasmids/chromids or symbiotic/nonsymbiotic plasmids seem to be of minor importance [30, 32] .
Rhizobial plasmid replicons have less synteny than chromosomes [33] , and it is possible that such mosaic plasmid structure results from frequent genetic rearrangements [34] . Moreover, some of them are selftransmissible or can be transferred to other bacterial cells in the presence of other plasmids [35, 36] . The frequency of plasmid transfer between rhizobial strains and the role of this genetic exchange in rhizobial evolution remains controversial [37] [38] [39] [40] . However, the pool of plasmid replicons present in rhizobial cells is regarded as a (mostly) accessory genetic component which is evolving more rapidly than the chromosome [33] , due to frequent changes (such as gene duplication, mutation or deletion) within particular replicons [41] or rearrangements between different replicons [42, 43] . This distinction between the rhizobial chromosome and plasmids in the context of `evolutionary plasticity' and the role of these replicons in bacterial diversification resulted in the emergence of genomical concepts, which are similar to the pan-genome idea. The terms `pan-plasmidome' (pool of plasmids of a species or genus) or `mobilome' (pool of transferable plasmids of a species) were introduced [44, 45] , and these concepts of rhizobial genomics are also taken into consideration with reference to the diversity and evolution of legume microsymbionts.
The diversity of local rhizobial populations
Rhizobia are common inhabitants of diverse soil types, although population sizes can substantially differ -from a few cells to 10 5 bacteria per gram of soil [46, 47] . The architecture and functioning of rhizobial genomes is a reasonable basis for intra-diversification of local rhizobial populations. Naturalized rhizobial populations relatively new to an environment, such as in Australian soils, may be composed of only few strains [48] , and such low-diversified populations could be sparse as well as numerous [47] . Rhizobial communities originating from regions with an endemic legume presence could contain dozens of genetically and physiologically diverse strains [49] [50] [51] [52] [53] . Moreover, it is possible that the strain richness increases with time under optimal conditions. However, heavy metal contamination can reduce rhizobial biodiversity [54] , simultaneously increasing plasmid DNA content and stimulating plasmid profile diversification, which seems to be a mechanism enabling adaptation to environmental changes [55, 56] . In the case of heavy metal contamination, some studies indicate that the reduction in the number of bacteria is correlated with decreasing biodiversity [56] . In contrast, some authors indicated that persistent pollution with heavy metals was responsible for the reduction of the number of rhizobia, while the strain richness was unaffected [57] .
The genetic diversity of rhizobia also bears symbiosis-related phenotypic consequences. Each local population may have its `own symbiotic value', resulting from a combination of the symbiotic performance of individual strains, and the strain composition of a population colonizing plant nodules. High symbiotic effectiveness is not beneficial for rhizobia [58, 59] , but some plant-derived mechanisms selecting effective microsymbionts have been postulated including the allocation of greater carbon supply to nodules with the most N 2 -reducting bacteroids, or controlling O 2 nodule supply which may affect the reproduction of rhizobia inside the nodules, thus promoting symbiotic interactions with symbiosis-efficient strains [59] [60] [61] . Conversely, these mechanisms might not be highly efficient, because individual nodules may be infected by more than one strain [62] [63] [64] [65] , and, as a consequence, large sectors of an individual populations may consist of low-effective strains [52] . Surprisingly, while the symbiotic efficiency of rhizobial populations may vary greatly, the majority are considered to have a low efficiency. Consequently, the use of high-effective strains as legume inoculants is considered a promising agricultural strategy [47, 48] .
Rhizobial `population diversity' or `strain richness' may be estimated using numerous methods, and hence its assessment is affected by the discriminatory power of the strain typing method [66] . Despite methodological issues, which will not be addressed, it is worth noting that rhizobia can either be isolated from nodules of plants grown at a defined site, or directly from soil. Recently, Sachs and colleagues identified that the most diversified rhizobial populations are present on plant root surface (as compared to the soil or nodules) [51] . Moreover, it was shown that the plant host selectively recruits certain microsymbionts from the soil population, and that differences in root and nodule development between the plant hosts can affect the structure of rhizobial populations isolated from the nodules [50] . Accordingly, it is suggested that rhizobial nodule populations are a derivative of the soil population, with an overrepresentation of competitive strains selected by the plant host.
Changes in rhizobial populations resulting from competition between strains
A number of competitiveness-affecting bacterial traits have been identified [67] . Firstly, a direct strainto-strain antagonistic effect was discovered, which manifested itself in bacteriocin production [68] [69] [70] . It was evidenced that it might affect the structure of rhizobial populations [69] . Secondly, some data indicates as potential role of metabolic capabilities in rhizobial strain competitiveness including the ability to utilize specific carbon and energy sources, such as rhamnose, erythritol, mellibiose or other sugars, and homoserine or inositol [35, [71] [72] [73] , as well as an overall metabolic potential of strains, i.e. the utilization of a variable set of substrates, including sugars, carboxylic acids and aminoacids [74, 75] . Concerning the differences in the availability of particular substrates in the soil versus an endosymbiotic environment [75] [76] [77] [78] [79] , it is possible that such `environmental diversification` is one of the reasons for maintaining a considerable metabolic differentiation within local rhizobial populations [52] . Moreover, rhizobial competitiveness may be affected by some bacterial traits involved with bacterial motility [80] , which is essential for rhizobial migration towards legume roots, bacterial susceptibility to plant molecular signals [81] [82] [83] , essential in chemotaxis and the recognition between a compatible plant host and its microsymbionts and the production of adhesins responsible for adsorption of rhizobia to plant roots [84, 85] . The importance of abiotic properties of the soil environment, such as salinity or pH, should also be pointed out. They influence the number of rhizobia dwelling in the soil [46] , and can affect the proportions of strains in a population for example some strains, which are better adjusted to particular environmental conditions (i.e. pH or salinity level) or resistant to stress (i.e. desiccation) could dominate the population and colonize plant nodules more readily [86] [87] [88] [89] .
The significance of all of the aforementioned factors, as well potentially unidentified traits, in rhizobial competitiveness can vary from high to negligible [90] . Nevertheless, they all simultaneously affect bacterial communities. As a result, various rhizobial strains use different survival strategies: some strains are better adapted to saprophytic survival in the absence of the legume host, whereas others might compensate for the losses incurred by competition in the soil during multiplication phase in root nodules [91] . There is a balance between strains in a population, some of them become dominant and persist in the population for years, whereas other strains are dissipated into population [92, 93] . Moreover, strains which succeeded in competing at one step (e.g. infecting the nodule primordia) might not be equally successful at the next step (e.g. proliferating inside nodules) [64] . This may well be one of the mechanisms influencing the dynamics of rhizobial populations.
Changes in rhizobial populations resulting from plant-bacterial interactions and their evolutionary consequences
Some aspects of legume-rhizobial symbiosis function on `feedback` basis, and this is also true for the persistence of both partners in an environment. Plant growth and development is supported by nitrogen compounds provided by the microsymbionts, while nodules form a new niche available only to rhizobia, where the multiplication of bacteria is supported by substrates provided by the plants. This is also evident at field level: the number of soil rhizobia is higher when legumes are part of crop rotation or if wild legumes are grown on that soil [94] . Moreover, interactions with the legume host also increase the diversity of rhizobial populations [95] . The effect of the plant host on population structure of the microsymbionts was demonstrated in different models [50, 96, 97] . In the presence of the plant host, strains adapted to the endosymbiotic environment have a higher chance of survival than strains adjusted for a soil environment. Moreover, higher supply of assimilates for symbiotically-active nodules could support the proliferation of another set of strains -the ones highefficient with respect to N 2 assimilation [60, 61, 98] . Interestingly, bacterial populations selected in this manner may in turn affect the development of plant organs. Recently, Laguerre et al. observed that rhizobia belonging to the same species but possessing different alleles of the symbiosis-related genes could form nodules with different shape and effectiveness [99] .
The countless cycles of establishment and dissolution of legume-rhizobial symbioses, including genome changes, the divergence of organisms, partner fitting and selection of the best fitted, enabled spreading of this type of plant-bacterial coexistence all around the world, engaging thousands of species. Rhizobial genetic plasticity underlies the adaptation of numerous bacterial species to thriving with legumes -a group of plants susceptible to bacterial molecular signals [13] , but the detailed role of the different processes participating in this plasticity during evolution of symbioses is still controversial. Some authors emphasize the role of lateral genetic transfer in rhizobial evolution [39, 40, [100] [101] [102] [103] , whereas others suggest the lateral transfer of nodulation genes occurred in minority of cases [104, 105] . Moreover, frequent genetic transfer and recombination events were evidenced within species (between sublineages) in different models [11, 36, 42, 43, 49, 101] . There is an agreement, that (a) in numerous cases the world distribution of microsymbiont strains followed the distribution of their hosts, and the symbiosis-associated part of the genome (localized on symbiotic plasmid or symbiotic island) was subjected to the most intense evolution and fitting [103, 104, 106, 107] , and (b) other (non-symbiotic) parts of the rhizobial genome changed together with the symbiosis-related regions [105, 108] . Genetic analyses of microsymbiont populations isolated from different but closely related legumes support the hypothesis of coevolution in Rhizobium-legume symbiosis, which takes place in centers of genetic diversification of plant hosts [109] [110] [111] .
Conclusions
Newly emerging studies and genetic concepts focusing on rhizobial genetics, have allowed for reconsideration of some aspects of Rhizobium-legume symbiosis. Different genetic approaches have revealed an unusual plasticity of rhizobial genomes, while environmental studies have demonstrated that local rhizobial populations are more differentiated than it was believed a year ago. Strain richness within populations often results in intense strain-to-strain competition in the soil as well as in plant tissues. On the other hand, considering the mobility of the plasmid-encoded fraction of the rhizobial genomes, individual strains are not just competitors, but also providers/recipients of genetic information which may be used for environmental adaption or acclimatization. Therefore, in accordance with the pan-genome hypothesis, one can speculate that numerous strains which comprise rhizobial populations are not selfreliant, but act as parts of a community. Despite being genetically and physiologically diverse, rhizobia-legume symbionts each may contribute `community`s genome` and may participate in gene flux and evolution of the population. Moreover, such strains interact with plant hosts as a single differentiated population despite plantderived mechanism, which seems to be responsible for selection for microsymbionts highly efficient in nitrogen fixation.
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